Streptomyces coelicolor, with its 8 667 507-bp linear chromosome, is the genetically most studied Streptomyces species and is an excellent model for studying antibiotic production and cell differentiation. Here, we report construction of S. coelicolor derivatives containing sequential deletions of all the 10 polyketide synthase (PKS) and nonribosomal peptide synthetase (NRPS) biosynthetic gene clusters and a 900-kb subtelomeric sequence (total c. 1.22 Mb, 14% of the genome). No obvious differences in growth rates and sporulation of the strains were found. An artificially circularized S. coelicolor genome with deletions of total c. 1.6 Mb segments (840-kb for the left and 761-kb for the right arm of the linear chromosome) was obtained. The actinorhodin biosynthetic gene cluster could be overexpressed in some of the constructed strains.
Introduction
Streptomyces species are Gram-positive, mycelial, spore-producing bacteria with high GC content in their genomic DNA. They produce about half of all known antibiotics and pharmacologically active metabolites (Bérdy, 2005) . Streptomyces coelicolor A3(2) is the genetically most studied Streptomyces strain and is an excellent model for studying antibiotic production and differentiation (Chater, 1993; Hopwood, 1999) . Four chemically different antibiotics, including the blue-pigmented polyketide actinorhodin (Act), red-pigmented prodiginines (Red), calcium-dependent lipopeptide antibiotic (CDA), and linear plasmid SCP1-encoded methylenomycin (Mmy), have been extensively studied (Bibb, 1995) . Two dozen genes (e.g. bld and whi), most of them encoding regulatory proteins, important for initiation of aerial mycelium formation and sporulation, have been identified (Kelemen & Buttner, 1998) .
Streptomyces polyketides (PKs) and nonribosomal peptides (NRPs) metabolites built a large pool of biologically active natural compounds. The genome sequencing of Streptomyces species (e.g. S. coelicolor, S. avermitilis, and S. griseus: Bentley et al., 2002; Ikeda & Ishikawa, 2003; Ohnishi et al., 2008) has remarkably revealed that each strain of these organisms has the genetic information to produce a large number (e.g. 23, 32, and 34, respectively) of secondary metabolites. This implies that as much as 90% of the chemical potential of these organisms remains undiscovered in the conventional screening programs. Genome mining offers a powerful method for tapping into these cryptic natural products (Baltz, 2008) . For discovery of new compounds by genome mining, heterologous expression has been employed to examine new products by these new gene clusters. The 8 667 507-bp linear chromosome of S. coelicolor reveals 23 gene clusters coding for secondary metabolite biosynthesis, including 10 polyketide synthase (PKS) and nonribosomal peptide synthetase (NRPS) gene clusters (Bentley et al., 2002) . Construction of S. coelicolor strains, which all the PKS and NRPS gene clusters are deleted, will be the optimal host for the genome mining.
In contrast to those of most bacteria, Streptomyces chromosomes are linear (Lin et al., 1993) , and Streptomyces species often harbor linear as well as circular plasmids (Hayakawa et al., 1979; Kinashi et al., 1987; . Streptomyces linear plasmids range in size from 12 to 1800 kb; their 'telomeres' contain inverted repeat sequences from 12 bp to 95 kb in length (Chater & Kinashi, 2007) , and the 5′ telomeric ends are linked covalently to terminal proteins essential for replicating the ends of the chromosomes (TP: Bao & Cohen, 2001) . The 'core' of the S. coelicolor linear chromosome from c. 1.5 to 6.4 Mb contains genes unconditionally essential for growth and propagation, while the two 'arms' (c. 1.5 Mb for the left and 2.3 Mb for the right), carrying conditionally adaptive genes, are presumptively deletable (Bentley et al., 2002; Hopwood, 2006) . Deletions of these large segments near telomeres will make a compact S. coelicolor genome for studying the functions of the linear chromosome.
Here, we report experimental determination of extent of the two deletable arm regions and sequential deletion of all the PKS and NRPS biosynthetic genes, together with a 900-kb subtelomeric sequence. Actinorhodin production was enhanced when the act gene cluster was reintroduced into some of the deleted strains.
Materials and methods

Bacterial strains, plasmids, and general methods
Strains and plasmids used in this work are listed in Table 1 and all oligonucleotides in Supporting information, Table S1 . Plasmid isolation, transformation of Escherichia coli DH5a, and PCR amplification followed Sambrook et al. (1989) . Escherichia coli DH10B was used as the host for propagating cosmids. Escherichia coli ET12567 (pUZ8002) was used as a nonmethylating strain for conjugation with Streptomyces strains. Escherichia coli BW25113 was used to propagate plasmid pIJ790. Streptomyces cultures and isolation of Streptomyces genomic DNA followed Kieser et al. (2000) . For observation of sporulation, Streptomyces strains were grown on MS medium (mannitol, 20 g; soya flour, 20 g; agar, 20 g; H 2 O, 1 L) covered with cellophane disks. The cells were fixed with 2% glutaraldehyde (pH 7.2) and 1% osmium tetroxide. After dehydration, ethanol was replaced by amyl acetate. The samples were then dried by the supercritical drying method in HCP-2 (Hitachi Inc.), coated with gold by Fine Coater JFC-1600, and examined with a JSM-6360LV scanning electron microscopy (Jeol Inc.).
Construction of an ordered cosmid library of the S. coelicolor genome using pHAQ31
Genomic DNA of S. coelicolor M145 was partially digested with Sau3AI, and fragments were sized by sucrose gradient centrifugation (Kieser et al., 2000) . The 35-45 kb fractions were dephosphorylated with calf-intestine alkaline phosphatase (CIAP) and then ligated with pHAQ31 (BamHI). The ligation mixture was packaged in vitro using the Gigapack ® III XL Gold Packaging Extract kit (Stratagene Inc.).
Approximately 2000 cosmids were isolated, and the inserted sequences were determined by PCR sequencing with two primers from the flanking sequences of the pHAQ31-BamHI site. The insertion sequences were blasted on the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/BLAST). By comparison with the complete nucleotide sequence of the S. coelicolor chromosome (Bentley et al., 2002) , we obtained an ordered cosmid library.
Sequential deletion of all the PKS/NRPS gene clusters in the S. coelicolor genome PCR-targeting of cosmids to insert and remove markers was performed by the method of Gust et al. (2003) with slight modifications. Cosmids of S. coelicolor containing the genes for replacement were introduced by transformation into E. coli BW25113 (pIJ790). Electrocompetent cells were prepared and electroporated with a PCR product (containing an aac(3)IV gene) using a GenePulser II (Bio-Rad Inc.). The PCR-targeted constructs were introduced by electroporation into E. coli ET12567 (pUZ8002) and then transferred by conjugation into S. coelicolor. Thiostrepton-resistant colonies were selected for single crossing over between the cosmid and the host chromosome. After sporulating on MS medium without antibiotic selection, thiostrepton-sensitive but apramycinresistant colonies were screened to obtain doublecrossover clones. To remove the aac(3)IV marker for the next round of gene disruption and replacement, cosmid with the aac(3)IV gene inserted in a FRT-aac(3)IV-FRT cassette was introduced by electroporation into E. coli BT340 containing a flp gene encoding Flp recombinase to remove the cassette. Clones containing a double-crossover allelic exchange in S. coelicolor were confirmed by PCR 
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To delete a large segment (e.g. > 40 kb) on the S. coelicolor chromosome, two fragments (e.g. > 5 kb) from different cosmids of the ordered library plus a kanamycin resistance gene (kan) were cleaved and cloned in the polylinker of pHAQ31 or pHY642. The resulting plasmid was introduced by electroporation into E. coli ET12567 (pUZ8002) and then transferred by conjugation into S. coelicolor. Thiostrepton-resistant colonies were selected for single crossing over, and thiostreptonsensitive but kanamycin-resistant colonies for double crossing over. Clones containing a double-crossover allelic exchange in S. coelicolor were further confirmed by PCR analysis.
Cloning and expression of the actinorhodin biosynthetic gene cluster in S. coelicolor derivatives A 2.6-kb fragment (digested with XbaI and NheI) containing a phiC31 integrase gene was cloned in a pHAQ31-derived cosmid containing the entire actinorhodin biosynthetic gene cluster. The resulting plasmid, pCWH74, was introduced by conjugation into Streptomyces strains. To quantitate the production of actinorhodin, strains were inoculated into R2YE (lacking CaCl 2 , KH 2 PO 4 , and L-proline) liquid medium, 1 mL culture was harvested, and spun at 15 294 g for 1 min to collect the supernatant, which was further treated with KOH and scanned at 640 nm. Measurements of actinorhodin production were carried out by the method of Kieser et al. (2000) . 
Results
Determination of the extent of the deletable subtelomeric regions of the linear chromosome of S. coelicolor PCR-targeting of cosmids is a precise and efficient method for gene disruption and replacement in Streptomyces. Because two long segments (e.g. > 5 kb) on a suicide plasmid are employed for homologous recombination with chromosomal sequences, high frequencies of singleand double-crossover events can usually be obtained by screening a few clones (Gust et al., 2003) . To knock out genes or large chromosomal segments in S. coelicolor, we constructed a cosmid library using a vector, pHAQ31, containing two cos sites, oriT, multiple cloning sites and Streptomyces selection markers tsr/melC (Xia et al., 2009). The insertion sequences of c. 2000 cosmids were determined to construct an ordered cosmid library, which covered 98.5% of the S. coelicolor genome.
To determine the lengths to be deleted at the left subtelomeric region of the linear chromosome, for example, two large segments (e.g. 8.7 and 5.2 kb) cut from different cosmids and a kan gene were cloned in pHAQ31. The resulting plasmid, pFX175, was introduced by conjugation from E. coli into S. coelicolor M145, and thiostreptonresistant colonies were obtained on MS medium containing thiostrepton. After streaked on MS medium for sporulation, three colonies showed thiostreptonsensitive and kanamycin-resistant phenotypes among 150 screened colonies and indicated the occurrence of intramolecular double crossing over to delete the tsr marker. The deletion and replacement of a large segment with the kan gene was verified by PCR analysis. Thus, a c. 137-kb segment (65 492-202 631 bp) at the left subtelomere was deleted (designated strain FX16, Fig. 1) . Similarly, we constructed plasmids pFX176, pFX219, pFX218, and pFX183 and obtained thiostrepton-sensitive and kanamycinresistant colonies for pFX176 and pFX219 (yielding strains designated FX17 and FX18, respectively), but failed to obtain such colonies for pFX218 and pFX183 even by screening 200 clones (Fig. 1) . Thus, a c. 900-kb sequence (65 492-965 740 bp) at the left subtelomeric region was shown to be deletable.
Similarly, four plasmids (pJXY3, pJXY5, pJXY6, and pJXY7) were constructed for the deletion of the right subtelomeric region of the linear chromosome. Thiostreptonsensitive and kanamycin-resistant colonies were obtained for pJXY3 and pJXY5 (yielding strains designated JXY3 and JXY5, respectively), but we failed to obtain such colonies for pJXY6 and pJXY7 after screening up to 270 clones (Fig. 1) . Thus, a c. 313-kb sequence (8 105 685-8 418 406 bp) at the right subtelomeric region was shown to be deletable.
We also constructed plasmids (pFX153, pFX171, pFX172, pFX179, pFX186, and pFX180) for circularization of the linear chromosome. As shown in Fig. 1 , a c. 1600-kb region [FX15, c. 840-kb (1-840 417 bp) for the left arm of the linear chromosome and a c. 761-kb (7 906 368-8 667 507 bp) for the right arm], including both the subtelomeric and telomere sequences, could be deleted, suggesting that by screening more clones for double crossover (although c. 270 clones screened for pXJY6, see Fig. 1 ), linear chromosome containing deletion of c. 761-kb sequence at the right subtelomeric region should be obtained. These results confirmed the deletable length (900 kb) on the left arm and indicated that more sequence (761 vs. 313 kb) at the right arm of the linear chromosome could be removed.
Sequential deletion of all the PKS/NRPS biosynthetic genes and a 900-kb subtelomeric segment of the linear chromosome Twenty-three antibiotic biosynthetic genes or gene clusters, including 10 PKS and NRPS gene clusters, are predicted in the S. coelicolor chromosome (Bentley et al., 2002) . To obtain strains with deletions of all the PKS/ NRPS clusters plus large subtelomeric segments, two strategies, including the PCR-targeting of cosmids to knock out small gene clusters (e.g. < 40 kb) and the two segments from different cosmids to delete a large cluster (e.g. the CDA cluster), were employed. After one round of gene disruption and replacement, the deleted chromosomal segment is usually replaced by a selection marker (e.g. aac(3)IV). To sequentially delete gene clusters at different locations on the linear chromosome, the selection marker (in a FRT-aac(3)IV-FRT cassette) needed to be removed by the expression of the FLP-recombinase gene (Gust et al., 2003) , and then a further round of gene disruption and replacement was performed.
As shown in Fig. 2 , all 10 PKS and NRPS gene clusters were sequentially deleted in strains (FX10, FX21, FX22 , FX23, ZM2, ZM4, ZM8, ZM10, and ZM12), in the order: CDA, prodiginines, actinorhodin, coelichelin/polyunsaturated fatty acid, coelibactin, gray spore pigment, SCO6273 -6288, SCO6826-6827, and SCO6429-6438. A 900-kb left subtelomeric segment (SCO79-919, 65 492-965 740 bp) was deleted in strain FX23 and also in other strains (ZM2, ZM4, ZM8, ZM10, and ZM12) containing more deletions of the PKS/NRPS clusters.
The complete deletion of these gene clusters and the joining of the neighboring sequences were confirmed by PCR analysis. We also used genomic DNA of strain ZM4 to hybridize to a microarray chip of the S. coelicolor genome. As shown in Fig. 3 , the 900-kb subtelomeric segment and five PKS/NRPS gene clusters were precisely deleted from the genome of strain ZM4. No additional gene deletions or tandem amplifications were observed. Precisely, deletions of the other gene clusters in the later strains (e.g. ZM8, ZM10, and ZM12) were confirmed by PCR sequencing. The strains with sequential deletions of the gene clusters and a large subtelomeric region were inoculated on MS medium at 30°C in a time-course of growth (7 days). No obvious differences in growth rates of the strains were found. Interestingly, deletions of the gray spore pigment genes (e.g. ZM4, ZM8, ZM10, and ZM11) did not affect the formation of spore chains on MS medium (Fig. S1) . The large subtelomeric region contains two differentiation genes, sigB for osmoprotection and Fig. 3 . Verification of the deleted genes of the Streptomyces coelicolor chromosome in strain ZM4 by hybridization to a microarray chip. The deleted genes in strain ZM4 could not hybridize to a microarray chip of the S. coelicolor M145 genome, shown in green. The color scale indicates the DNA ratio of ZM4 to M145 in hybridization. proper differentiation (Cho et al., 2001 ) and catB encoding a major vegetative catalase (Cho & Roe, 1997) . As shown in Fig. 4 , in contrast to the wild-type M145, sporulation of strain ZM12 was affected, but almost no difference on spore-chain formation was observed after reintroducing the sigB and catB genes, suggesting the sigB and catB are the only genes within the 900-kb deletable region for sporulation.
Overexpression of the actinorhodin biosynthetic gene cluster in constructed strains
To see whether or not sequential deletion of the antibiotic biosynthetic gene clusters affected the expression of other antibiotic gene clusters, we reintroduced the act gene cluster into these act-deleted strains. We have repeated the fermentation experiments several times, and there were some fluctuations among the strains; the consistent results between the liquid and solid cultures were shown (Figs 5 and 6). As shown in Fig. 5 , in contrast to the wild-type M145 containing a tsr marker (i.e. M145T), strains ZM10 and ZM11 (ZM11 containing same deletions as ZM12 except an aac(3)IV marker at SCO6429-6438, see Table 1 ) containing the act gene cluster (ZM10Act and ZM11Act) produced actinorhodin at an earlier time and in larger amount, but FX23Act, ZM4Act, and ZM8Act produced actinorhodin later and in lesser amount. Similar results were obtained in liquid medium (Fig. 6) . ZM10Act produced about four times as much actinorhodin as M145T (Fig. 6 ).
Discussion
The 8-9-Mb Streptomyces chromosome is linear, with a 'core' containing essential genes and 'arms' carrying conditionally adaptive genes; large deletions from the arm regions can be sustained in the laboratory (Hopwood, 2006) . A c. 1 Mb deletogenic region flanked by two amplifiable regions was detected in the Streptomyces lividans chromosome (Redenbach et al., 1993) . The chromosomal regions of up to 2 Mb (near the telomeres) of Streptomyces ambofaciens and Streptomyces hygroscopicus could be deleted (Leblond & Decaris, 1994; Pang et al., 2002) . The core of the 8 667 507-bp linear chromosome of S. coelicolor is predicted from c. 1.5 to 6.4 Mb, giving two arms of c. 1.5 Mb (left) and 2.3 Mb (right) (Bentley et al., 2002) . Our results show that a c. 965-kb region (the 900-kb subtelomeric region plus a 65-kb sequence extending to the telomeric terminus) of the left arm of the linear chromosome could be deleted, but we failed to obtain a clone for the remaining 1.3 Mb region (pFX218, 65 492-1 376 432 bp). As to the right arm, unexpectedly, a region of only 562 kb (the 313-kb subtelomeric region plus a 249-kb sequence extending to the telomeric terminus) could be deleted. However, circularization of the linear chromosome (in strain FX15) indicated that about 761 kb of the right arm can be removed. Thus, in total, nearly 1 Mb from the right arm and 0.76 Mb from the left arm of the linear S. coelicolor chromosome can be experimentally deleted.
The complete genome sequence of S. coelicolor reveals 23 secondary metabolite biosynthetic genes or gene clusters, including 11 PKS and NRPS gene clusters (one in the linear plasmid SCP1) (Bentley et al., 2002 (Bentley et al., , 2004 . To obtain S. coelicolor derivatives lacking the chromosomal PKS/NRPS gene clusters, we sequentially deleted all the gene clusters over about 6 years. The PCR-targeting of cosmids is an efficient method for gene disruption and replacement (Gust et al., 2003) . However, it still needs to be improved, especially for large-scale genomic engineering. For example, recently Siegl et al. (2010) and Lu et al. (2010) develop a new method for promotion of homologous recombination. Expression of a synthetic gene encoding the rare-cutting meganuclease I-sce I of Saccharomyces cerevisiae mitochondria in S. coelicolor can induce double-stranded DNA breakage at the 18-bp cutting site to promote homologous recombination and achieve efficient markerless deletion of large chromosome segment. Thus, we need time to apply the new method to delete the rest of the antibiotic biosynthetic gene clusters in the S. coelicolor genome.
Recently, Gomez-Escribano & Bibb (2011) reported the sequential deletion of four antibiotic biosynthetic gene Fig. 4 . Observation of spores by scanning electron microscopy. Strains, including M145, ZM12, and ZM12 containing integrating the sigB/catB genes, were inoculated on MS medium covered with cellophane and incubated at 30°C for 4 days. Samples were treated and subjected to SEM observation.
clusters (for Act, Red, CPK, and CDA) in S. coelicolor M145 followed by introduction of point mutations into rpoB and rpsL. Introduction of the act, chloramphenicol, and congocidine biosynthetic gene clusters into the M145 derivative revealed dramatic increases in antibiotic production compared with the parental strain. In our experiments, deletion of the CDA and Red clusters (in FX21) resulted in slightly increased production of actinorhodin, but further deletion of the 900-kb subtelomeric segment in FX23 dramatically decreased actinorhodin production. Deletion of further PKS and NRPS gene clusters (ZM10 and ZM11) resulted in increased production of actinorhodin compared with strain M145. These results suggest that some unknown genes from the 900-kb subtelomeric region affect the expression of the act cluster, and removing potentially competitive PKS and/or NRPS gene clusters may increase the production of actinorhodin.
Although the nikkomycin (a peptidyl nucleoside antibiotic: Liao et al., 2010) biosynthetic gene cluster could be heterologously expressed in M145, introduction of the gene cluster into strains ZM4 and ZM12 did not lead to nikkomycin production (Yuqing Tian & Huarong Tan, personal communication) . Whether any of the deletions introduced in strains ZM4 and ZM12 may diminish the expression of heterologous gene cluster needs to be investigated. Expression of more exogenous PKS and NRPS biosynthetic gene clusters needs to be studied in these mutants. Komatsu et al. (2010) reported stepwise deletion of a 1.4-Mb left subtelomeric region (containing the avermectin and flipin biosynthetic gene clusters) and the oligomycin biosynthetic gene cluster of the 9.02-Mb S. avermitilis linear chromosome. The exogenous streptomycin, cephamycin C, and pladienolide biosynthetic gene clusters could be efficiently expressed in the mutants, with production of the first two antibiotics being at levels higher than those of the native-producing species.
In S. coelicolor, expression of several antibiotic biosynthetic gene clusters depends on both pathway-specific regulatory genes and many globally acting genes (Chater, 1992; Bibb, 1995) . Microarray analysis of the whole genomic transcriptome reveals cross-regulation among disparate antibiotic biosynthetic pathways (Huang et al., 2005) . Engineering of regulatory cascades and networks to control antibiotic biosynthesis in Streptomyces has been used to obtain overproducer strains (Martín & Liras, 2010) . Genomic manipulation of these regulatory genes in our constructed strains may further promote antibiotic production. Fig. 5 . Growth of the wild-type M145 and its derivatives. About equal numbers (2 9 10 5 ) of spores of strains were inoculated on R2YE medium (lacking CaCl 2 , KH 2 PO 4 and L-proline) and incubated at 30°C for 60 and 84 h. The backs of plates are shown. Fig. 6 . Quantitation of actinorhodin production by strains containing the actinorhodin gene cluster in liquid medium. About 3 9 10 7 spores of M145 and its derivatives containing the entire actinorhodin gene cluster in pCWH74 were inoculated into 50 mL R2YE liquid medium (lacking KH 2 PO 4 and CaCl 2 ) and incubated at 30°C for 14 days. About 1 mL culture was harvested and treated with KOH; absorption at OD 640 indicated actinorhodin production. 
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